Field studies were conducted at Rosemount, MN, in 1992 and 1993 to quantify the demographic processes regulating the population dynamics of velvetleaf in soybean as part of a corn-soybean rotation. A consistent 6.8 ? 0.5% of the total velvetleaf seedbank emerged each year. Less than 21% of all velvetleaf seedlings survived each year in mixture with soybean, due in part to Verticilium spp wilt infection. The probability of seedling survival varied across time of emergence. Velvetleaf seed production in the absence of crop competition was 125 and 227 seeds plant-' in 1992 and 1993, respectively. Velvetleaf plants that emerged early produced greater numbers of seed than later emerging plants. Velvetleaf survival and seed production were reduced up to 82% in the presence of crop competition. Soybean yield varied across soybean densities in both years, but was not reduced across velvetleaf densities. Nomenclature: Velvetleaf,Abutilon theophrasti Medicus. #3 ABUTH; soybean, Glycine max (L.) Merr. 'Evans'; corn, Zea mays L. Additional index words. Weed demography, emergence, weed seedling mortality, modeling, Verticillium, ABUTH.
INTRODUCTION
Crop yield loss due to weed interference is the economic foundation of weed science (33) . Herbicides have largely been developed to eliminate yield loss due to weed interference. Despite heavy use of herbicides in recent decades, crop losses from weed interference in agriculture continue (13) due to genetic diversity, high seed production, and morphological and physiological adaptability of weedy species. While herbicides may be highly effective at reducing weed populations, their continued use is often offset by increased frequency of more tolerant weed species (14) or by the development of herbicide resistance (16, 25) . Restrictions due to government regulation and public pressure may severely reduce the available chemical weed control options in the near future (1, 6, 16, 24, 34, 44) . Thus there is growing need for the development of cost effective, environmentally safe, alternative weed management strategies. ' Received for publication May 18, 1994 However, these strategies require a detailed quantitative understanding of the factors regulating the growth and population dynamics of weeds.
The use of economic thresholds to determine when a herbicide application is warranted has gained attention (28) as a potential method of reducing herbicide use while minimizing economic loss. However, single-year economic thresholds do not adequately account for the impact of weed seed production on weed populations in subsequent years (29) . Effective use of economic threshold theory in weed management can only be achieved when an accurate, quantitative understanding of the factors that regulate weed population dynamics across growing seasons is obtained.
The population dynamics of an annual weed are regulated by five demographic processes: seedling recruitment and survival, seed production, dispersal, and seed survival in soil (12, 23) . A schematic diagram of the population dynamics of an annual weed is shown in Figure 1 . The boxes in Figure 1 represent state variables and can be measured in the field. The valve symbols represent the five demographic processes, each of which may be influenced by a number of factors including competition, predation (by herbivore or pathogen), and migration. These processes can be represented by biologically realistic equations that quantify the rate of transition from one state to another.
Several studies have been conducted to quantify the demographics of annual weeds in cereal crops (8, 11 However, few data are available to quantify these demographic parameters for most weed species important in corn and soybean in the U.S. corn belt. Velvetleaf is a major weed in corn and soybean (41), infesting more than 9 million ha of soybean with an annual control cost of $225 million (40). Bauer and Mortensen (3) developed a model to calculate the economic optimum threshold for velvetleaf in soybean based upon the population dynamics of velvetleaf. These authors indicated that the primary weakness of their model was the limited biological data available for accurate parameterization.
In this research, five demographic parameters regulating the population dynamics of velvetleaf in soybean as part of a cornsoybean rotation were quantified using data obtained from field experiments conducted over two growing seasons. Additionally, soybean yield as a function of soybean and velvetleaf density was quantified.
MATERIALS AND METHODS

General procedures. Experiments were conducted within adjacent fields at the University of Minnesota Agricultural Research Station near Rosemount, MN, in 1992 and 1993 on a Waukegan silt loam soil (fine-silty over sandy, mixed, mesic Typic
Hapludoll) with 6.5% organic matter. In 1991 and 1992, 72 (25 m2) plots were seeded (by Bussler, 7) with corn and velvetleaf at a range of densities using a randomized complete block design with three replicates. These experiments served as templates for our experiments in 1992 and 1993, when plots were relocated.
Fields were disked twice in the autumn and twice for spring seedbed preparation. Potassium was applied (60 kg ha-') to the field in 1992, and no fertilizer was applied in 1993, as recommended by the University of Minnesota Soil Testing Laboratory. Soybean (cv. Evans) row spacing treatments of no crop, 24, 36, and 72 cm between rows were seeded on May 18, 1992, and May 13, 1993. Soybean sowing density within a row was held constant across treatments at 33 plants m-1 row, so spacing and population density were confounded. Three plots per block (one plot for each row spacing treatment) were randomly selected and hand weeded for weed-free controls. Three plots per block were also randomly selected and hand weeded for crop-free velvetleaf monoculture controls. In all plots, grass weeds were controlled with metolachlor [2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2methoxy-l-methylethyl)acetamide] applied preplant incorporated at 2.2 kg ha-1, and other weeds were removed as needed by hand. No precipitation was measured within five days prior to planting in 1992, so approximately 1.2 cm of water was applied through sprinkler irrigation 2 d after planting to obtain uniform crop and weed emergence. Subsequent irrigation was not necessary in 1992 or 1993.
Wilt symptoms were observed in the velvetleaf populations in both years of this study. Randomly selected velvetleaf plant samples were submitted to the University of Minnesota Plant Disease Clinic in 1992, and Verticillium (species unknown) was isolated through culture of stem and root tissue. The soybeans showed no symptoms of wilt and were not tested for Verticillium infection. Seedbank estimates. Velvetleaf seedbank estimates were obtained on May 5, May 20, and August 20, 1992, and on May 19 and August 18, 1993, by removing 16 (1.9 cm diam.) soil cores to a depth of 20 cm in each plot. The 16 samples from each plot were pooled, bagged, and stored in a dryer until they could be wet sieved with a fine mesh screen and the velvetleaf seeds separated by hand and counted (22) . Viability of recovered seeds was virtually 100%, determined by applying a tetrazolium test to a subsample of 300 seeds. Velvetleaf seedling emergence and survival. Immediately after planting, permanent subplots were established within each plot using three randomly placed wire rings (1.0 m2 total area). Within subplots, velvetleaf seedling emergence was measured by regularly counting and marking newly emerged seedlings with colored wire. A different color of wire was used at each sampling date (ca. weekly). Velvetleaf plants marked with the same color wire belonged in the same cohort. Seedling mortality was measured by counting and removing wires that no longer marked live seedlings at each sampling date. Seedling survival as a function of time of emergence was interpolated from seedling mortality.
In 1992, the first cohort of velvetleaf seedlings was very large. To ensure that velvetleaf populations were not excessive, bentazon [3-(1 -methylethyl)-(1H)-2,1 ,3-benzothiadiazin-4(3H)-one 2,2-dioxide] was applied POST at 1.1 kg ha-1 to control the first flush only. Mortality due to the treatment was determined as described above. Mortality of velvetleaf seedlings emerging after the 1992 bentazon treatment was high due to wilt. Therefore, no POST velvetleaf control was practiced in 1993. Velvetleaf seed production. Within each subplot, velvetleaf seed capsules were removed as they matured. In 1992, the capsules per subplot were pooled and the number of lobes per capsule counted. Total seed production per subplot was calculated as the product of the total number of lobes per subplot and the estimate of 2.95 seeds per lobe (obtained by counting the number of lobes and seeds per capsule in a representative subsample of 20 capsules). In 1993, seed production was quantified for each cohort by removing capsules separately among the different seedling cohorts within each subplot. Soybean yield. Soybean yield was measured on October 2,1992, and October 11, 1993, by cutting plants at the soil surface in subplots and threshing in the field. The resulting grain was then bagged, dried at 60 C for 7 d, cleaned, and weighed. Statistical analysis. The objective of this research was to quantify demographic processes via the relationships between measured state variables. Thus, wherever possible, biologically realistic equations were used to characterize relationships, and parameter estimates were obtained using SAS (36) NLIN and REG procedures. Data were pooled across years if parameter estimates were not significantly different (evaluated by comparing 95% confidence intervals). Where a nonlinear equation was fit to the data, an approximate r2 value was obtained by subtracting the ratio of the residual sums of squares (RSS) to the corrected total sums of squares (CTSS) from 1 (i.e., r2 = 1 - 
RSS/CTSS).
Where pairwise comparisons of means were made, SAS GLM procedure was used because sample size differed among treatments.
RESULTS AND DISCUSSION
Recruitment. Velvetleaf seedling emergence began immediately after planting in 1992, but was delayed by approximately 10 d in 1993 (Table 1) . Variable seed germination induced by environmental conditions may explain the difference in cumulative emergence in 1992 and 1993. Hard-seededness has been suggested as a mechanism for velvetleaf seed dormancy, and seasonal regulation of dormancy may result from alternate freeze-thawing and wetting-drying cycles (41). Emergence might, therefore, be expected to respond to moisture and accumulated heat units (2) . Using irrigation to ensure uniform emergence of the soybeans in 1992 also may be responsible for the earlier velvetleaf emergence in 1992 compared to 1993. Differences in cumulative emergence patterns across years were not as great when related to growing degree days (GDD, base 10 C, maximum 30 C) accumulated from May 1 rather than days after planting (DAP, Table 1 ). Total seedling emergence as a function of the spring seedbank estimates in 1992 and 1993 are shown in Figure 2 . While Harper (19) suggests that density dependent emergence is possible due to the frequency of 'safe sites' being limited, such a response was not observed. A linear regression was therefore fit to the data. Parameter estimates were not significantly different between years so data were pooled for the analysis shown in Figure 2 . The slope parameter of 0.068 ? 0.005 indicates that a consistent 6.8 ? 0.5% of the velvetleaf seedbank emerged each year. This value is about 2% higher than the values reported for velvetleaf by Pacala and Silander (31). Seed predation, micro-environmental variability, and genetic differences in seed dormancy were not measured but may contribute, along with seedbank sampling error, to the observed variation in emergence and its relationship with seedbank counts.
The relationships in Table 1 and Figure 2 provide an estimate of velvetleaf seedling recruitment (Em in Figure 1 ). Roberts and Dawkins (35) suggest that the rate of recruitment may be constant under a consistent cultivation regime. Therefore these data may be used to estimate velvetleaf seedling population density based on known seedbank population densities. mixture with soybean are shown in Table 2 . In both years, velvetleaf seedling survival was reduced in the presence of soybean, greater decreases occurring with later cohorts. The reduction in velvetleaf survival in mixture with soybean may be due to competition for light because complete canopy closure occurred within 40 to 50 d after planting (DAP) in the mixed stand plots. Survival in velvetleaf monoculture plots was independent of time of cohort emergence, perhaps because complete canopy closure never occurred in either year, despite very high population densities in some plots. Velvetleaf survival in mixture with soybean was relatively consistent across soybean densities and years, whereas survival in velvetleaf monoculture plots was about 9% higher in 1993.
Results show that soybean may have a substantial negative influence on velvetleaf survival, though the relative importance of the crop in reducing velvetleaf survival may be confounded by the influence of Verticillium. The potential impact of soybean on velvetleaf seedling survival in conditions where wilt is not present is worthy of further investigation.
Data reported in Table 2 represent estimates of velvetleaf seedling survivorship (Ss, in Figure 1 but was not influenced by velvetleaf density or year. A consistent relationship (e.g., hyperbolic) between velvetleaf seed production and soybean density was not found. Soybean densities were combined, and a pairwise comparison of velvetleaf seed production across years in monoculture and in mixture with the crop was made (Table 3) .
), and may be used to estimate the mature velvetleaf population density from known seedling population densities. Because velvetleaf seedling survival did not show clear density dependence and varied considerably as a function of time of emergence (Table 2), maximum survivorship in the presence of the crop may provide the most conservative estimate for modeling mature velvetleaf population densities. Seed production. Multiple regression analysis was used to determine the influence of velvetleaf density (Nw), soybean density (Ne), and year on velvetleaf seed production (results not shown). Seed production was reduced by soybean interference,
Data presented in Table 3 represent the seed productivity (P in Figure 1) The use of a constant seed production value or relationship within a population dynamics model requires the assumption that all mature plants are identical in their ability to produce seed. In real populations, a natural hierarchy of plant sizes occurs as a result of differences in relative emergence time, seed size, micro-environment, and genetic variation (32, 43) . Because plant size is often correlated with seed production (39), it is important to consider the factors that determine which plants become large. If we assume a plant that is large relative to its neighbors at some early stage of growth will remain large (as did Pacala and Weiner, 32), then it may also be assumed that the earliest emerging plants will have an inherent advantage over later emerging individuals, and therefore will be responsible for producing greater numbers of seed. Table 4 shows the 1993 velvetleaf seed production by cohort in monoculture and in mixture with soybean. Seedlings emerging between 8 and 33 DAP produced greater numbers of seed than the earliest or later emerging velvetleaf cohorts. As with seedling survival, seed production was reduced in the presence of soybean, though the relative importance of the crop in reducing velvetleaf seed production may be confounded by the influence of Verticillium. Soybean yield. Soybean yield was not reduced by velvetleaf density in either year (Figure 3a) . Other research has documented substantial soybean yield loss due to velvetleaf competition (4, 5, 10, 18, 20, 27, 30) . The lack of velvetleaf competitiveness Volume 43, Issue 2 (April-June) 1995 Table 4 . Velvetleaf seed production (plant--) by cohort in monoculture (V, n = 9) and in mixture with soybean (V + S, n = 31). Data are from 1993 field season only. tive influence of Verticillium species on velvetleaf has been documentedpreviously (37,41). Green andWiley (15) suggested Verticillium dahliae might be useful as a biological control agent for velvetleaf, but Sickinger (37) found that some soybean varieties were also sensitive to V dahliae when inoculated in the greenhouse. Our results show that while velvetleaf was sensitive to Verticillium in the field, soybean (cv. Evans) showed no sensitivity. Further research on the potential use of Verticillium species as a velvetleaf biocontrol agent in field situations is warranted. Quantitative estimates of the five demographic processes obtained from this research may be useful for building a simple two-species population dynamics model of velvetleaf in soybean. The population dynamics of Verticillium-infected velvetleaf as predicted by such a model should be compared to the predicted dynamics of noninfected velvetleaf using alternative survival, seed production, and competitiveness data. Such an analysis may provide considerable insight into the potential economic and environmental benefit of using a biological control agent to regulate velvetleaf population growth and interference with soybean.
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